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The development of the Drosophila embryo involves morphogenetic processes that use mechanical forces to push, pull, and move cells. These forces are generated in large part by the assembly of contractile actomyosin networks, which are composed of short myosin II filaments that move along actin filaments (1) . Several biochemical signals are necessary and sufficient to recruit myosin to the cortex, including the secreted protein Fog (2), epidermal growth factor receptor, Notch and Hedgehog signaling (3) (4) (5) (6) , and unidentified targets of the transcription factors Even-skipped and Runt (7) . However, it has been unclear whether other feedback mechanisms help to shape and maintain actomyosin structures in a dynamic cellular environment.
New evidence from Drosophila suggests that, in addition to biochemical signals, mechanical inputs also play an important role in controlling cytoskeletal dynamics in vivo (8, 9) . In a study by Farge and colleagues, the authors provided evidence that mechanical tension is sufficient to recruit myosin II to the apical cell cortex during mesoderm invagination at gastrulation (9) (Fig. 1A) . Apical constriction is initiated by the assembly and contraction of an apical actomyosin meshwork in mesoderm precursor cells (2, 10) . Ventral furrow formation requires the activity of the Twist and Snail transcription factors in the mesodermal domain (11) . In the absence of Twist, apical constrictions are not stably maintained, whereas in the absence of Snail apical constriction fails completely (10, 11) . These results define Twist and Snail as essential transcriptional regulators of actomyosin contractility during mesoderm invagination.
Twist exerts its effect through transcription of the secreted protein Fog and the transmembrane protein T48, which signal through RhoGEF2 and the guanine triphosphatase (GTPase) Rho to recruit myosin II to the apical cortex (2, 12) . The mechanism by which Snail regulates myosin localization is less clear. snail mutant embryos display abnormal myosin II localization in the cells of the ventral mesoderm, which subsequently fail to invaginate (10) . Farge and colleagues recently demonstrated that an external mechanical force can rescue apical myosin localization in snail mutants (9) . The authors showed that use of a micropipette to physically indent the ventral epithelium rapidly restores myosin II apical localization in snail mutants within 2 to 3 min of force application. These results demonstrate that a mechanical force is sufficient to recruit myosin II to the apical cortex and can recapitulate specific events downstream of Snail signaling.
The observation that an ectopic force can rescue apical constriction in snail mutants suggests that there is a mechanosensitive mechanism that can convert a mechanical input into localized actomyosin contractility. Although mechanical forces can regulate myosin II indirectly by promoting Twist transcription (13, 14) , the rapid recruitment of myosin within 2 to 3 min of force application suggests that nontranscriptional mechanisms are at work (8, 9) . Indentation does not rescue myosin localization in twist snail double mutants, indicating that a Twist target gene is required for the response to tension. Pouille et al. showed that indentation can also lead to myosin relocalization in twist mutants, but only in the presence of the secreted protein Fog, one of the transcriptional targets of Twist. Although Fog alone is sufficient for apical constriction when misexpressed uniformly throughout the embryo (2, 15) , the authors proposed that mechanical stimulation can potentiate Fog activity and showed that indentation increases the amount of Fog in the apical cytoplasm, consistent with their hypothesis. Apical localization of Fog in snail mutants is also enhanced by a temperature-sensitive dynamin mutation after a short shift to the restrictive temperature (9) , suggesting that mechanical indentation may inhibit Fog endocytosis. In the authors' model, mechanical tension generated by an initial Snail-dependent wave of apical constriction could exert tension on the plasma membrane of neighboring cells, enhancing extracellular Fog signaling and triggering apical myosin II localization throughout the mesoderm (Fig. 1B) . Theoretical simulations of tension-dependent Fog activation by Snail recapitulate the in vivo invagination behavior, indicating that the model is plausible.
These studies in Drosophila suggest that, in addition to the established role of actomyosin contractility in generating force, myosin II itself can also be recruited to the cortex in response to strictly mechanical signals. In intercalating cells in the adjacent ectoderm, myosin II is organized into multicellular cables that form dynamically throughout the tissue and contract along the dorsal-ventral axis to promote elongation of the embryo (16) . Experiments using a different set of techniques to manipulate the force distribution in the embryo showed that mechanical signals in this context are necessary and sufficient for myosin II localization (8) . Myosin was recruited to the cortex within 1 to 2 min of force application by a micropipette, and, conversely, relieving tension by laser ablation led to a rapid loss of cortical myosin (8) . Direct measurements of protein dynamics using fluorescence recovery after photobleaching showed that myosin II dissociation from the cortex is selectively inhibited in regions under increased tension (8) . These results indicate that tension regulates myosin localization by stabilizing, rather than recruiting, motor proteins to the cortex (Fig. 1C) . For a notoriously nonprocessive motor such as myosin II that only attaches to an actin filament for a few milliseconds at a time (17) , inhibiting the dissociation of myosin from the cortex could go a long way toward promoting force generation by an interconnected contractile network.
Mechanical feedback regulation of actomyosin contractility is also likely to be important for other morphogenetic processes. During dorsal closure in the Drosophila embryo, cells of the amnioserosa, an extraembryonic epithelium that covers the dorsal side of the embryo, constrict their apices, and a subset of cells undergoes apoptosis, pulling the lateral epidermis toward the dorsal midline (18) (19) (20) . Laser ablation of the cell apex caused the apical actin meshwork to retract, demonstrating that it is under tension (21) . A second contractile structure at the leading edge of the lateral epidermis forms a continuous actomyosin cable that contributes to dorsal closure through a purse-string mechanism (22) (23) (24) . Laser ablation of either the leading edge cable or apically constricting cells of the amnioserosa slowed the rate of closure (25, 26) , indicating that both tissues generate forces that drive this process.
Although mechanical signals have not been shown to influence cytoskeletal activity directly during dorsal closure, several lines of evidence suggest that cell behavior is modified by the local mechanical environment. For example, amnioserosa cells closest to the leading edge contract before the more-central cells (19) and are the first to eventually stop contracting (20) , despite the absence of apparent transcriptional differences between these cell populations. The amount of filamentous actin in the leading edge increases as tension builds throughout closure (20) , suggesting that tension correlates with changes in cytoskeletal organization. Lastly, disrupting a single cell by laser ablation led to the cessation of contractile activity in adjacent cells (20) , indicating that contraction of one cell promotes contraction in its neighbors. Actomyosin cables also form rapidly in new locations after ablation of the original leading edge (27) , providing another example in which actin and myosin localization are responsive to changes in the mechanical environment, a process that may have implications for wound healing.
An important question raised by these studies is the nature of the molecular mechanism that translates mechanical force into a local change in contractile activity. Pouille et al. proposed that tension modifies a property of the plasma membrane that inhibits Fog endocytosis (Fig.  1B) (9) . However, fog is not expressed in all epithelia that display force-dependent regulation of myosin II localization, and mechanical tension and endocytosis could affect a number of other targets in addition to Fog localization. In Dictyostelium, myosin II was rapidly recruited to the cortex in response to a force applied by a micropipette (28) in a process that requires the actin crosslinking protein cortexillin I (29, 30) and the lipid phosphatase PTEN (31) . Both cortexillin I and PTEN interact with the phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ), which regulates actomyosin activity in mammalian cells (32) . These studies suggest that mechanical tension could regulate myosin II localization by modifying the properties of the plasma membrane.
Alternatively, in vitro experiments raise the possibility that myosin II motor activity may be directly regulated by tension. Experiments on isolated actin networks demonstrated a positive relationship between tension and actin polymerization (33) , and single-molecule experiments showed that tension stabilizes the adenosine diphosphate (ADP)-bound form of myosin II, which has a higher affinity for filamentous actin (34) (35) (36) . Consistent with this, in Dictyostelium the duty ratio of myosin II was estimated to increase up to 10-fold when the actomyosin network is under tension (30) . Increasing the duty ratio of myosin II would be predicted to increase the amount of force generated by the actomyosin network without any additional input of energy.
Together, these results suggest that, in addition to biochemical signals that initiate myosin II contractility, mechanical signals are key factors that shape the organization of contractile networks in dynamic cell populations. An initial signal targets the contractile machinery to the apical cortex of specific cells during apical constriction, or cell boundaries during cell intercalation, triggering a wave of actomyosin contractility that propagates away from the initiating contractile event and recruits neighboring cells to adopt a similar program of behavior. Intriguingly, epithelial cells that lack directional cues can still nucleate multicellular cables locally, albeit in a randomly oriented fashion (16) . Similarly, cycles of apical constriction and expansion in the amnioserosa are evident before the onset of dorsal closure, suggesting that formation of a contractile leading edge is required to convert the force-generating capacity of the amnioserosa into a sustained change in tissue structure (20) . The recruitment of myosin II by tension could represent a latent force-generating machinery in all epithelial cells that is mobilized in response to spatial cues to amplify local changes in cell behavior during morphogenesis. Mechanisms of tension-mediated actomyosin regulation. (A) Actomyosin contraction promotes changes in cell shape during epithelial morphogenesis. During mesoderm invagination and in the amnioserosa during dorsal closure, contraction of an apical actomyosin network (pink) drives apical constriction (top). Leading-edge cells of the lateral epidermis align through the contraction of a multicellular cable (blue) that contributes to dorsal closure (bottom). (B) A model of the plasma membrane as a mechanosensor. In the absence of tension, Fog (green) signaling through its putative receptor (purple) is proposed to be counteracted by endocytosis (left). When the plasma membrane is subjected to external tension, the bending and pinching off of vesicles is inhibited, promoting Fog signaling (9) (right). (C) A model of the myosin II motor as a mechanosensor. For simplicity only one head of each myosin motor is shown. When actin filaments (light blue) are under low tension, myosin II motors in bipolar filaments (dark blue) are rapidly released after adenosine triphosphate (ATP) (yellow) hydrolysis and the power stroke (left). In actin
